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Porcine epidemic diarrhea virus (PEDV) was detected in May 2013 for the first time in U.S. swine and has since caused signifi-
cant economic loss. Obtaining a U.S. PEDV isolate that can grow efficiently in cell culture is critical for investigating pathogene-
sis and developing diagnostic assays and for vaccine development. An additional objective was to determine which gene(s) of
PEDV is most suitable for studying the genetic relatedness of the virus. Here we describe two PEDV isolates (ISU13-19338E and
ISU13-22038) successfully obtained from the small intestines of piglets from sow farms in Indiana and Iowa, respectively. The
two isolates have been serially propagated in cell culture for over 30 passages and were characterized for the first 10 passages.
Virus production in cell culture was confirmed by PEDV-specific real-time reverse-transcription PCR (RT-PCR), immunofluo-
rescence assays, and electron microscopy. The infectious titers of the viruses during the first 10 passages ranged from 6 X 10” to

2 X 10° 50% tissue culture infective doses (TCID5,)/ml. In addition, the full-length genome sequences of six viruses (ISU13-
19338E homogenate, P3, and P9; ISU13-22038 homogenate, P3, and P9) were determined. Genetically, the two PEDYV isolates
were relatively stable during the first 10 passages in cell culture. Sequences were also compared to those of 4 additional U.S.
PEDV strains and 23 non-U.S. strains. All U.S. PEDV strains were genetically closely related to each other (=99.7% nucleotide
identity) and were most genetically similar to Chinese strains reported in 2011 to 2012. Phylogenetic analyses using different
genes of PEDV suggested that the full-length spike gene or the S1 portion is appropriate for sequencing to study the genetic relat-

edness of these viruses.

Porcine epidemic diarrhea (PED) was first observed in feeder
pigs and fattening swine in England in 1971 (1). The causative
agent, porcine epidemic diarrhea virus (PEDV), was identified in
1978 (2, 3). PEDV is an enveloped, single-stranded, positive-sense
RNA virus belonging to the order Nidovirale, the family Corona-
viridae, subfamily Coronavirinae, genus Alphacoronavirus (4).
PEDV has a genome of approximately 28 kb and includes 5" and 3’
untranslated regions (UTR) and 7 known open reading frames
(ORFs) (5). ORFla and ORF1b occupy the 5 two-thirds of the
genome and encode two replicase polyproteins (ppla and pplab).
Similar to other coronaviruses, expression of the pplab protein
requires a —1 ribosomal frameshift during translation of the
genomic RNA (6). The 3’-proximal one-third of the genome en-
codes four structural proteins, including spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins, and one hypo-
thetical accessory protein encoded by ORF3 (5).

During the 1970s and 1990s, PEDV caused widespread epi-
demics in multiple swine-producing countries in Europe (2, 3, 7,
8). Since then, PED outbreaks have been rare in Europe, though
occasional epidemics have been reported (9). In Asia, PED first
occurred in Japan in 1982 (10), South Korea in 1993 (11), China
(year unsure) (12, 13), and Thailand in 2009 (14). PED remains a
major concern in Asian countries, particularly China. Since Octo-
ber 2010, a severe PED epizootic has been affecting pigs of all ages
that is characterized by high mortality rates among suckling pig-
lets in many provinces of China, resulting in tremendous eco-
nomic losses (15-21).

PEDV was first detected in U.S. swine in May 2013 (22). Based
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on the USDA APHIS VS NVSL National Animal Health Labora-
tory Network (NAHLN) report, as of 28 September 2013, a total of
679 PEDV-positive swine cases (1,750 positive swine samples)
from over 17 states have been diagnosed in the following age
groups: 123 suckling, 94 nursery, 246 grower/finisher, 122 sow/
boar, and 94 unknown ages (www.aasv.org). PED in U.S. swine is
characterized by watery diarrhea, dehydration, variable vomiting,
and high mortality in affected swine, particularly neonatal piglets
(22). The clinical disease and lesions of PED are indistinguishable
from those caused by transmissible gastroenteritis virus (TGEV),
another Alphacoronavirus. As an acute, highly contagious, and
devastating enteric disease, PED has caused significant economic
loss to the U.S. swine industry, though the corresponding mone-
tary values remain unknown.

Although a number of veterinary diagnostic laboratories quickly
developed and launched PEDV-specific reverse-transcription PCR
(RT-PCR) assays for accurate and rapid diagnosis of PEDV infection,
more PEDV research is needed with regard to studying pathogenesis,
evaluating the environmental stability of and effect of disinfectants on
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the virus, developing and validating virological and serological diag-
nostic assays, and developing a live attenuated or inactivated vaccine
for prevention and/or control of the disease. Obtaining a U.S. PEDV
isolate that can grow efficiently in cell culture is critical for performing
the aforementioned work. Attempts to grow PEDV in cell culture
have proven difficult. Even if PEDV can be isolated from clinical
samples, the virus may gradually lose infectivity upon further pas-
sages in cell culture. Here we report optimization of the procedures to
isolate two U.S. PED viruses. At this time, the two isolates have been
successfully serially propagated in cell cultures for over 30 passages,
but only the first 10 passages of viruses have been characterized and
reported in this study. In addition to characterizing the growth and
titer of the virus during the serial passages in cell culture, we have also
determined the entire genome sequences of viruses at selected pas-
sages to study their genetic stability. The sequences of the two U.S.
PEDV isolates at different passages were compared to those of 4 ad-
ditional U.S. PEDV strains whose sequences had been determined
from clinical samples and of 23 PEDV strains collected outside the
United States with entire genome sequences available to date. Phylo-
genetic analysis using different genes of PEDV was also performed to
determine the gene(s) suitable for studying the genetic relatedness
and molecular epidemiology.

MATERIALS AND METHODS

Clinical samples. Thirty-three feces and 17 intestinal homogenates that
tested positive by a PEDV N gene-based real-time RT-PCR at the Iowa
State University Veterinary Diagnostic Laboratory (ISU VDL) were se-
lected for virus isolation (VI) attempts. Small-intestine tissues were used
to generate a 10% (wt/vol) homogenate in Earle’s balanced salt solution
(Sigma-Aldrich, St. Louis, MO). The suspension was centrifuged at 4,200 X g
for 10 min at 4°C. The supernatant was filtered through a 0.22-pum-pore-
size filter and used as an inoculum for virus isolation. One-tenth gram of
feces was suspended in 1 ml phosphate-buffered saline (PBS), vortexed for
5 min, and then centrifuged at 4,200 X g for 5 min. The supernatant was
filtered through a 0.22-pm-pore-size filter and used as an inoculum for
virus isolation.

PEDV N gene-based real-time RT-PCR. Viral RNA extraction was
performed with 50 pl of small-intestine homogenates or virus isolates or
100 pl of processed feces using a MagMAX viral RNA isolation kit (Life
Technologies, Carlsbad, CA) and a Kingfisher 96 instrument (Thermo
Scientific, Waltham, MA) following the instructions of the manufactur-
ers. Viral RNA was eluted into 90 pl of elution buffer. Real-time RT-PCR
was performed on nucleic acid extracts using a Path-ID Multiplex One-
Step RT-PCR kit (Life Technologies, Carlsbad, CA). The primers and
probe targeting conserved regions of the PEDV nucleocapsid protein gene
were as described by Kim et al. (23) with modifications to match a U.S.
PEDV nucleotide sequence deposited in GenBank (accession no.
KF272920). The real-time RT-PCRs were conducted on an ABI 7500 Fast
instrument (Life Technologies, Carlsbad, CA) and the results analyzed by
the system software.

Virus isolation, propagation, and titration. Virus isolation of PEDV
was attempted on Vero cells (ATCC CCL-81) as previously described (24)
with modifications. Vero cells were cultured and maintained in minimum
essential medium (MEM) supplemented with 10% fetal bovine serum, 2
mM L-glutamine, 0.05 mg/ml gentamicin, 10 unit/ml penicillin, 10 pg/ml
streptomycin, and 0.25 wg/ml amphotericin. Confluent Vero cells in
6-well plates were washed twice with the postinoculation medium and
inoculated with 300 pl of sample and 100 pl of postinoculation medium.
The postinoculation medium was MEM supplemented with tryptose
phosphate broth (0.3%), yeast extract (0.02%), and trypsin 250 (5 pg/ml).
After a 2-h incubation at 37°C with 5% CO,, 3.6 ml postinoculation me-
dium was added to each well. A similar inoculation was performed on
Vero cells in 96-well plates (100 .l inoculum per well) for immunofluo-
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FIG 1 Cytopathic effects and IFAs of PEDV isolates in infected Vero cells.
Vero cells were infected with PEDV 13-19338E P9 and PEDV 13-22038 P9
isolates. At 24 h postinfection, cytopathic effects were recorded (A, B, and C;
X160 magnification) and cells were examined by IFA using PEDV-specific
monoclonal antibody (D, E, and F; X100 magnification).

rescence staining. Inoculated cells (passage 0 [P0]) were incubated at 37°C
with 5% CO,. When a 70% cytopathic effect (CPE) developed, the plates
were subjected to freeze-thaw once. The mixtures were centrifuged at
3,000 X g for 10 min at 4°C. The supernatants were harvested for further
propagation or saved at —80°C. If no CPE was observed at 7 days postin-
oculation, the plates were frozen and thawed once and the supernatants
were inoculated on new Vero cells for a second passage. Inoculated cells at
each passage were also tested by an immunofluorescence assay (IFA) as
described below. If CPE and IFA staining were negative after 4 passages,
the virus isolation result was considered negative.

Virus titration was performed in 96-well plates with 10-fold serial
dilutions performed in triplicate per dilution. After 5 days of inoculation,
the plates were subjected to IFA staining and the virus titers determined
according to the Reed and Muench method (25) and expressed as the 50%
tissue culture infective dose (TCID5,)/ml.

Immunofluorescence assay. Inoculated cells in 96-well plates were
fixed with 80% acetone, air dried, and incubated with 200X diluted
mouse monoclonal antibody 6C8 (BioNote; Hwaseong-si, Gyeonggi-do,
South Korea) specifically against PEDV (22) for 40 min followed by a
100X dilution of fluorescein-labeled goat anti-mouse I1gG (KPL, Gaith-
ersburg, MD). Cell staining was examined under a fluorescence micro-
scope.

EM. Samples were prepared for negative-stain and thin-section exam-
ination by electron microscopy (EM) following previously described pro-
cedures (26) with modifications. The 1SU13-22038 small-intestine ho-
mogenate was centrifuged at 4,200 X g for 10 min, and the supernatants
were subjected to ultracentrifugation at 30,000 X g for 30 min to pellet the
virus particles, which were then negatively stained with 2% phosphotung-
stic acid (PTA; pH 7.0) and examined with a FEI Tecnai G* BioTWIN
electron microscope (FEI Co., Hillsboro, OR). Vero cells infected with the
ISU13-22038 P3 virus isolate were trypsinized at 24 h postinfection and
centrifuged at 800 X g for 5 min. The cell pellets were resuspended in 0.01
M PBS (pH 7.2 to 7.4) and centrifuged again at 800 X g for 5 min. The cell
pellets were fixed with 2.5% glutaraldehyde—0.1 M sodium cacodylate.
The cell pellets were postfixed in 1% osmium tetroxide for 90 min. The
samples were dehydrated in an ascending ethanol series followed by pro-
pylene oxide and embedded in Eponate 12 resin (Ted Pella Inc., Redding,
CA). Ultrathin sections were stained with uranyl acetate and lead citrate
and examined with the FEI Tecnai G* BioTWIN electron microscope.

NGS. The sequences of the entire genome of PEDV in the original
small-intestine homogenates as well as those of the P3 and P9 isolates were
determined by next-generation sequencing (NGS) technology using an
Mlumina MiSeq platform. Total RNA from the homogenates and P3 and
P9 PEDV isolates was extracted using a total RNA isolation kit (Norgen
Biotek Corp., Niagara-on-the-Lake, Ontario, Canada). One hundred mi-
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TABLE 1 Summary of two U.S. PEDV isolates during the first 10 passages in cell culture

Result”
Origin of ~ Intestine

Isolate and parameter sample homogenate PO P1 P2 P3 P4 P5 P6 P7 P8 P9
ISU13-19338 Indiana

Cytopathic effect N.A. - + + + + + + + + +

Real-time PCR C;- 17.0 16.0 15.2 15.4 16.3 14.0 15.8 16.9 15.1 11.2 11.7

Infectious titer (log,, TCID,,/ml) N.D. N.D. N.D. 35 4.5 4.3 5.3 3.5 4.5 5.3 4.3
ISU13-22038 Iowa

Cytopathic effect N.A. + + + + + + + + + +

Real-time PCR C;- 16.0 17.2 13.8 12.2 14.8 18.0 13.9 10.0 14.3 14.6 13.8

Infectious titer (log,, TCIDy/ml) N.D. 28 48 35 43 43 35 48 45 48 48

“N.A.,, not applicable; N.D., not done.

croliters of each sample was used to prepare the lysate, and the isolated
RNA was eluted in 50 pl RNase-free water. The extracted RNA was quan-
tified by the use of a Qubit 2.0 spectrophotometer (Life Technologies,
Carlsbad, CA) to estimate concentrations and then stored at —80°C until
use. The cDNA libraries were constructed from 100 ng of total RNA using
a TruSeq Stranded total RNA sample preparation kit (Illumina, San Di-
ego, CA) following the guidelines of the manufacturers. Multiplex librar-
ies were prepared using barcoded primers and a median insert size of 340
bp. Libraries were analyzed for size distribution using a Bioanalyzer and
quantified by quantitative RT-PCR using a Kapa library quantification kit

(Kapa Biosystems, Boston, MA), and relative volumes were pooled ac-
cordingly. The pooled libraries were sequenced on an Illumina MiSeq
platform with 150-bp end reads following standard Illumina protocols.
An average of 0.8 Gb of sequence was produced per sample.

Sequences obtained by NGS technique were mapped to PEDV refer-
ence strain USA/Colorado/2013 (Genbank accession no. KF272920) or
AH2012 (Genbank accession no. KC210145) using BWA software. Bases
and single-nucleotide variants (SNVs) were called using the SAMtools
“mpileup” command. Sites were filtered to avoid unreliable calls using the
following criteria: (i) a minimum depth of 5 reads at each position, (ii) a

FIG 2 EM images on original homogenate and PEDV-infected Vero cells. (A) Negatively stained PEDV particles in the ISU13-22038 intestine homogenates.
Some virus particles are shown by arrows. Crown-shaped spikes are visible. Bar = 100 nm. Magnification, X 150,000. (B) Thin section of Vero cells infected with
ISU13-22038 P3 PEDV at 24 h postinfection. Bar = 500 nm. Magnification, X11,000. (C) Enlarged image of the partial cytoplasm membrane showing

accumulation of released virus particles. Bar = 100 nm. Magnification, X68,000.
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TABLE 2 Nucleotide and amino acid changes of PEDV isolates 13-19338E and 13-20338 during serial passages in cell culture

Genome region or ORF

Nucleotide in®: Amino acid in%

Virus (nucleotide position[s])” Encoded protein Position Homogenate P3 P9 Position Homogenate P3 P9
PEDV 13-19338E 5’ UTR (1-292) None - - - =
ORFla (293-12646) ppla
ORFlab (293-12616, 12616-20637) pplab 1303 T c C
3519 C T T 1076 Ala Val Val
S (20634-24794) Spike 21403 A A G 257 Asn Asn  Ser
21756 C T T 375 Leu Phe Phe
ORF3 (24794-25468) Hypothetical protein3 — - - - - - =
E (25449-25679 Envelope - - - - - - - -
M (25687-26367) Membrane - - - - - - - -
N (26379-27704) Nucleocapsid - - - - = - - -
3' UTR (27705-28038) None - - - -
PEDV 13-22038 5" UTR (1-292) None - - -
ORFla (293-12646) ppla
ORFlab (293-12616, 12616-20637) pplab 10689 C C T 3466 Thr Thr Ile
S (20634-24794) Spike 21265 C c T 211 Thr Thr Ile
21355 T c C 241 Val Ala  Ala
ORF3 (24794-25468) Hypothetical protein3 — — - - - — - -
E (25449-25679 Envelope 25616 G G T 56 Leu Leu Phe
M (25687-26367) Membrane - - - - = — - -
N (26379-27704) Nucleocapsid - - = - - -
3" UTR (27705-28038) None - - - -

“ Nucleotides are numbered according to the PEDV 13-19338E sequences (GenBank accession no. KF650370).
¥ Only nonsynonymous mutations are shown, and silent mutations are not shown. Amino acids of replicase proteins are numbered according to their locations in the replicase
polyprotein pplab. Amino acids of structural proteins are numbered according to their locations in the respective structural proteins.

¢ —, no nucleotide or amino acid change occurred.

minimum average base quality of 10, (iii) a minimum SNV quality of 25,
and (iv) at least 85% of reads at the correct position to support the call as
homozygous. The consensus sequences were generated by the VCFtools
software package.

Sanger sequencing. The spike (S) gene sequences and partial ORF1b
gene sequences of PEDV in the original homogenates and in P3 and P9 of
both isolates were also determined by the traditional Sanger method to
confirm the NGS results. The S gene was amplified in two fragments using
a Qiagen One-Step RT-PCR kit (Qiagen, Valencia, CA). The first frag-
ment was amplified using primers PEDV-SIF (5'-GTGGCTTTTCTAAT
CATTTGGTC-3") and PEDV-SIR (5'-CTGGGTGAGTAATTGTTTACA
ACG-3") under thermal cycler conditions of 50°C for 30 min, 95°C for 15
min, 40 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 3.5 min, and
72°C for 10 min. The second fragment was amplified using primers
PEDV-S2F (5'-GGCCAAGTCAAGATTGCACC-3") and PEDV-S2R (5'-
AGCTCCAACTCTTGGACAGC-3") under thermal cycler conditions of
50°C for 30 min, 95°C for 15 min, 40 cycles of 94°C for 30 s, 53°C for 30 s,
and 72°C for 2.5 min, and 72°C for 10 min. The partial ORF1b gene was
amplified and sequenced using primers PEDV-19923F (5'-ACATGCGT
GTGCTACATCTTGG-3") and PEDV-20600R (5'-TGGCGTCATTATT
ACGCACTAGC-3") under thermal cycler conditions of 50°C for 30 min,
95°C for 15 min, 40 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 1
min, and 72°C for 10 min. Sequence data were assembled and analyzed
using the DNAStar Lasergene 11 Core Suite (DNAstar, Madison, WI).

Phylogenetic analysis. Phylogenetic analysis was performed using the
nucleotide sequences of the six PEDV viruses from this study as well as
four other U.S. PEDV strains (USA/Colorado/2013-KF272920 [27],
TA2013-KF452322 [22], IN2013-KF452323 [22], and USA2013-019349-
KF267450 [unpublished]) and 23 non-U.S. PEDV strains with entire ge-
nome sequences available in GenBank. Phylogenetic trees were con-
structed using the entire genome, the spike gene, the S1 portion (S gene
nucleotides 1 to 2205, corresponding to amino acids 1 to 735) (28), the S2
portion (S gene nucleotides 2206 to 4152, corresponding to amino acids
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736 to 1383) (28), a hypothetical protein gene (ORF3), the envelope (E)
gene, the membrane (M) gene, and the nucleocapsid (N) gene sequences.
The trees were constructed using the distance-based neighbor-joining
method of MEGA5.2 software. Bootstrap analysis was carried out on 1,000
replicate data sets.

Nucleotide sequence accession numbers. The full-length genomic
nucleotide sequences of the ISU13-19338E-IN homogenate, ISU13-
19338E-IN P3, ISU13-19338E-IN P9, the ISU13-22038-IA homogenate,
ISU13-22038-IA P3, and ISU13-22038-1A P9 were deposited in GenBank
under accession numbers KF650370, KF650371, KF650372, KF650373,
KF650374, and KF650375, respectively.

RESULTS
Virus isolation and characterization. Virus isolation was at-
tempted on 33 PEDV-PCR-positive feces samples and 17 PEDV-
PCR-positive intestine homogenates on Vero cells. Two PEDV
isolates designated ISU13-19338E and ISU13-22038 were success-
fully obtained from the small intestines of piglets from sow farms in
Indiana (collected on 16 May 2013) and Iowa (collected on 6 June
2013), respectively. Attempts at virus isolation from the remaining
samples were unsuccessful. Cytotoxicity was observed in cells inocu-
lated with several intestine samples and many of the fecal samples.
A distinct cytopathic effect (CPE), characterized by cell fusion,
syncytium formation, and eventual cell detachment, was observed
for ISU13-19338E from passage 1 (P1) and for ISU13-22038 from
PO. In order to determine if the isolated viruses can be efficiently
propagated and maintained in cell cultures, the two virus isolates
were further serially passed in Vero cells for a total of 10 passages
(PO to P9). Prominent CPE was usually observed within 24 h post-
inoculation during the propagation process. Examples of CPE and
IFA images are shown in Fig. 1. Compared to the negative-control
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Vero cells (Fig. 1C), the Vero cells infected with the ISU13-19338E
P9 (Fig. 1A) and the ISU13-22038 P9 (Fig. 1B) isolates showed cell
enlargement, obvious cell fusion, and syncytium formation. Virus
growth was confirmed by IFA using 6C8, a PEDV-specific mono-
clonal antibody. The PEDV protein stained by the monoclonal
antibody was distributed in the cytoplasm but not in the nucleus
(Fig. 1D and E). During the first 10 serial passages, the infectious
titers of both isolates ranged from 6 X 10* to 2 X 10° TCID4,/ml
(Table 1). The level of viral genome or transcript in each passage for
both isolates was also assessed by a PEDV N gene-based real-time
RT-PCR, and the cycle threshold (C;) values are shown in Table 1.

The PEDV particles in the small-intestine homogenates and in
infected Vero cells were also examined by EM techniques. As
shown in Fig. 2A, multiple virus particles with distinctive crown-
shaped projections were visible in the 13-22038 small-intestine
homogenates as examined by negative-staining EM. On thin sec-
tions of the Vero cells infected with the 13-22038 P3 isolate,
masses of virus particles adhering to the cytoplasm membrane
were observed at 24 h postinfection (Fig. 2B and C).

Genetic stability of PEDV isolates during serial passages in
cell cultures. In order to determine if the two PEDV isolates are
genetically stable during the first 10 serial passages in cell culture,
the entire genomes of all six viruses (ISU13019338E homogenate,
P3, and P9; ISU13022038 homogenate, P3, and P9) were se-
quenced using the NGS technology. Using the Colorado/2013
PEDV (GenBank accession no. KF272920) as the initial reference,
the NGS reads of all six viruses were successfully assembled to
obtain the entire genome sequences. All six PEDV viruses
(ISU13019338E homogenate, P3, and P9; ISU13022038 homoge-
nate, P3, and P9) have a genome 28,038 nucleotides in length. The
genomic organization of all six PEDV viruses is similar to what was
previously described (5, 27) and includes the 5" UTR, ORFla and
ORF1b, S, ORF3, E, M, N, and 3’ UTR (Table 2). By alignment with
other coronaviruses, the slippery sequence ;,4,0TTTAAAC 4,6
followed by sequences that form a putative pseudoknot structure
was identified in PEDV genomes. Translation of the replicase
pplab is assumed to occur by a —1 RNA-mediated ribosomal
frameshift at the end of the slippery sequence; thus, the nucleo-
tides encoding the pplab are predicted to be 293 to 12616 and
12616 to 20637 in the PEDV genomes (Table 2). The full-length S
genes (about 4.1 kb) of all 6 PEDV viruses were also sequenced
using the Sanger sequencing method, and the sequences were
completely identical to those determined by the NGS for each
virus (data not shown).

The entire genome sequences of PEDV from the homogenate
and from the P3 and P9 cell cultures of the two isolated strains
were compared, and the results are summarized in Table 2. Com-
pared to the 13-19338E homogenate, 13-19338E P3 had acquired
three nucleotide changes at positions 1303, 3519, and 21756, and
13-19338E P9 had acquired one additional nucleotide change at
position 21403, at the whole-genome level. Three amino acid
changes resulting from the nucleotide changes were located in the
pplab (1 amino acid [aa]) and the spike protein (2 aa). Compared
to the 13-22038 homogenate, 13-22038 P3 had acquired only one
nucleotide change at position 21355, and 13-122038 P9 had ac-
quired three additional nucleotide changes at positions 10689,
21265, and 25616, at the whole-genome level. Four amino acid
changes resulting from the nucleotide changes were located in
pplab (1 aa), the spike protein (2 aa), and the envelope protein (1
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TABLE 3 Nucleotide differences and nucleotide identities of 33 PEDV strains with entire genome sequences available®
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FIG 3 Alignment of partial ORF1b nucleotide sequences of 33 PEDV strains with entire genome sequences available. A single-nucleotide insertion between
positions 20,204 and 20,205 of some PEDV strains is shown. The amino acid codon immediately before the insertion is shown as underlined.

aa). For both virus isolates, the mutations acquired at P3 were
sustained through P9 (Table 2).

Sequence comparisons with other PEDV strains. The entire
genome sequences of the six PEDV viruses examined in this study
were compared to those of four other U.S. PEDV strains (se-
quenced from fecal samples) and 23 non-U.S. PEDV strains with
entire genome sequences available in GenBank. All of the 10 U.S.
PEDV strains were genetically closely related to each other (99.7%
t0 99.9% nucleotide identity) and differed from each other by 1 to
55 nucleotides at the whole-genome level (Table 3). The nucleo-
tide identities and numbers of nucleotide differences between the
U.S. PEDV strains and 23 non-U.S. PEDV strains ranged from
96.3% (differences of 1,022 to 1,041 nucleotides compared to the
SM98-GU937797 strain) to 99.5% (differences of 118 to 146 nu-
cleotides compared to the AH2012-KC210145 strain) (Table 3).

Alignment of the 10 U.S. PEDV strains identified a single nu-
cleotide insertion (C or A) between nucleotides 20204 and 20205
in three strains, IA2013_KF452322 (22), IN2013_KF452323 (22),
and USA-13-019349_KF267450 (27), compared to the six PEDV
sequences determined in this study as well as to the USA/Colora-
do/2013_KF272920 strain sequence (Fig. 3). When the other 23
non-U.S. PEDV strains were included for comparison, it was
found that only the AH2012_KC210145 strain had such an inser-
tion and the other 22 strains did not (Fig. 3). Without such an
insertion, the pplab protein of U.S. PEDV is predicted to be 6,782
aa in length. With such a frame-shifting insertion, the pplab pro-
tein of U.S. PEDV is predicted to stop earlier and be 6,649 aa in
length. Since the entire genome sequences of all 10 U.S. PEDV
viruses were determined by next-generation sequencing technol-
ogy, the ORF1Db portions (nucleotides 19923 to 20600) covering
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this insertion site were also sequenced using the traditional Sanger
sequencing method for six PEDV (ISU13-19338E homogenate,
P3, and P9 and ISU13-22038 homogenate, P3, and P9) for confir-
mation. None of the six PEDV sequences had such an insertion at
that position.

Phylogenetic analysis of PEDV. A total of 33 PEDV viruses (6
determined in this study, 4 other U.S. PEDV strains, and 23 non-
U.S. PEDV strains) were used for phylogenetic analysis based on
different genes. Phylogenetic analysis based on the entire genome
sequences demonstrated that 33 PEDV viruses can be clustered
into group I and group II; each of the groups can be further
divided into subgroups Ia, Ib, Ila, and IIb. The U.S. PEDV
strains all clustered within subgroup Ila together with the
AH2012_KC210145 strain that was detected in China in 2012
(Fig. 4 [“Entire genome”]). The phylogenetic trees based on the S
gene, S1 portion, and S2 portion collectively demonstrated the
same grouping structure as the tree based on the entire genome
except as follows: (i) on the basis of the S, S1, and S2 trees, the U.S.
PEDV strains were most closely related to strain CH-ZMDZY-
11_KC instead of strain AH2012_KC210145 and (ii) strains DR-
13-virulent_JQ023161 and CH-FJND-3-2011_JQ282909 clus-
tered differently in the trees of S, S1, and S2 compared to the entire
genome tree. The S1 and S2 trees were very similar to the S tree.
The ORF3 tree also formed clusters I and II, but the structures
were different from those of the other trees. The E tree included
clusters I and II, but there were no clear subgroups in cluster II.
The clusters formed in the M and N trees were similar to those in
the trees based on the entire genome, S, S1, and S2; however,
almost all virus strains in subgroup Ila of the M and N trees were
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FIG 4 Phylogenetic analysis of the full-length genome, S gene, S1 portion, S2 portion, ORF3, E, M, and N gene nucleotide sequences of 6 U.S. PEDV from this
study and 27 previously published PEDV sequences (GenBank numbers are shown in the figure). The trees were constructed using the distance-based neighbor-
joining method of the software MEGAS5.2. Bootstrap analysis was carried out on 1,000 replicate data sets, and values are indicated adjacent to the branching
points. The viruses identified in this study are indicated by diamonds. Bar, 0.002 nucleotide substitutions per site.

equally genetically related to each other, which was not the case
with the entire genome, S, S1, and S2 trees.

DISCUSSION

After PEDV was identified in the United States for the first time
(22), endeavors to isolate a PEDV that can efficiently grow and
propagate in cell culture were initiated. We attempted PED virus
isolation (VI) from 33 feces samples and 17 intestine homoge-
nates, and only 2 isolates were obtained (success rate, 4%). None
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of the VI attempts from feces were successful. Although the sam-
ple quality could have been a contributing factor to the low success
rate, the isolation procedures also need to be further improved to
increase the success rate of PEDV VI, particularly from fecal sam-
ples. The two isolates were serially propagated in cell culture and
characterized. By examining the CPE development, immunoflu-
orescence staining, EM, infectious virus titers, and entire genome
sequences, we clearly demonstrated that the two PEDV isolates are
phenotypically (titers, growth characteristics) and genetically sta-
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FIG 4 continued

ble during at least the first 10 serial passages in cell culture. Avail-
ability of the U.S. PEDV isolates provides an important tool for
PEDV pathogenesis investigation, virological and serological as-
say development, and vaccine development. In fact, our PEDV
isolates have been used in developing a PEDV-specific IFA that is
currently offered (September 2013) at ISU VDL to measure PEDV
antibodies in serum. In this study, we characterized the two iso-
lates for the first 10 passages, but we have serially passaged the two
isolates in cell culture for over 30 passages thus far. In general, live
attenuated virus vaccines tend to elicit protective immunity more
efficiently than inactivated virus vaccines, subunit vaccines, or
DNA vaccines. We are continuing serial passages of these viruses
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in efforts to develop a live attenuated PEDV vaccine that could
potentially be used to vaccinate nursery pigs and pregnant sows to
mitigate the negative impact caused by PEDV infection. Viruses at
selected passages will be inoculated into pigs to evaluate their vir-
ulence/attenuation phenotypes so that the genetic changes poten-
tially associated with virus attenuation can be identified.
Next-generation sequencing technology provides a powerful tool to
determine entire genome sequences with shorter turnaround time and
lower costs. We are aware of 10 U.S. PEDV strains (ISU13-19338E
homogenate, P3, and P9, ISU22038 homogenate, P3, and P9,
Colorado2013_KF272920, IA2013_KF452322, IN2013_KF452323, and
USA-13-019349_KF267450) whose whole-genome sequences have
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been determined, and all of these were completed using the NGS
technology. Among 33 PEDV strains evaluated in this study, only
1A2013_KF452322, IN2013_KF452323, USA-13-019349_KF267450,
and AH2012_KC210145 had one nucleotide insertion between positions
20204 and 20205 whereas the remaining 29 strains did not have such an
insertion (Fig. 3). When strain Colorado2013_KF272920, which does
not have such an insertion, was used as the reference sequence to map
and assemble the ISU13-19338E and ISU13-22038 sequences, the
resultant sequences did not have such an insertion. When the
AH2012_KC210145, which has such an insertion, was used as the refer-
ence to map and assemble the sequences, surprisingly, the resultant se-
quences included such an insertion. In order to resolve the discrepancy
and confirm the true status of the strains, the ISU13-19338E and ISU13-
22038 viruses were sequenced for a portion covering the insertion site
using the Sanger sequencing method. It was confirmed that such an in-
sertion was not present in the ISU13-19338E and ISU13-22038 viruses.
NGS technology has been increasingly used in research and diagnostic
laboratories in recent years. However, bioinformatics analysis of NGS
data is still a challenge for most laboratories. De novo assembly and anal-
ysis are time-consuming. For known viruses, a reference sequence is of-
ten used to map the NGS sequence data. It would be prudent to analyze
the NGS data using two or more reference sequences and confirm any
discrepancies by the Sanger method.

Based on sequence comparison and phylogenetic analysis, it
appears that the U.S. PEDV strains are genetically closely related
to some PEDV strains that were circulating in China in 2011 to
2012. However, it remains unknown how PEDV was introduced
into the United States (22). The 10 U.S. PEDV viruses examined in
this study are genetically closely related to each other, with 99.7%
to 99.9% nucleotide identities at the whole-genome level. With
the elapse of time and spread of PEDV to more farms in more
states, a molecular epidemiology study is now needed to investi-
gate the genetic evolution of PEDV in U.S. swine spatially and
temporally. We are currently in the process of performing such a
study.

Swine practitioners, diagnosticians, and researchers frequently
ask which gene(s) of PEDV is appropriate for sequencing to study
the genetic relatedness of viruses. We found that the phylogenetic
trees based on the full-length S gene, the S1 portion, the S2 por-
tion, the M gene, or the N gene of 33 PEDV strains have cluster
structures similar to those seen in the tree based on the entire
genome sequences. But the M and N genes are relatively con-
served, and various PEDV strains may cluster together without
reflecting the true genetic differences exhibited at the whole-ge-
nome level (e.g., subgroup Ila of the M and N trees in Fig. 4). In
contrast, the full-length S gene, the S1 portion, or the S2 portion
appears to be able to reflect the genetic diversity observed at the
whole-genome level. As with other coronavirus S proteins, the
PEDV spike protein makes up the surface projections of the virion
and functions as the virus attachment protein interacting with the
cell receptor (29). In addition, neutralization epitopes have been
found in the PEDV spike protein (30-32). The full-length S gene is
adequate for sequencing and molecular analysis of PEDV. How-
ever, the full-length S gene is approximately 4.1 kb and it may be
difficult to sequence as a routine diagnostic service. The S1 por-
tion is approximately 2.2 kb in length, and the S2 portion is ap-
proximately 1.9 kb in length. Considering that the receptor bind-
ing sites and majority of the neutralization epitopes are located in
the S1 portion, it would be more appropriate to utilize this region
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of the genome for sequencing and molecular analysis to determine
the genetic relatedness of different PEDV viruses.

In summary, two PEDV isolates associated with the PED out-
break in U.S. swine have been obtained and characterized. To our
knowledge, this is the first report describing the isolation and
characterization of U.S. PEDV. The U.S. PEDV strains were ge-
netically closely related to each other and to some strains reported
in China during 2011 to 2012. The full-length S gene or the S1
portion is appropriate for sequencing to study the genetic related-
ness and molecular epidemiology of PEDV.
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